The nucleoside triphosphate pools of two cytidine auxotrophic mutants of Salmonella typhimurium LT-2 were studied under different conditions of pyrimidine starvation. Both mutants, DP45 and DP-55, are defective in cytidine deaminase and cytidine triphosphate (CTP) synthase. In addition, DP-55 has a requirement for uracil (uridine). Cytidine starvation of the mutants results in accumulation of high concentrations of uridine triphosphate (UTP) in the cells, while the pools of CTP and deoxy-CTP drop to undetectable levels within a few minutes. Addition of deoxycytidine to such cells does not restore the dCTP pool, indicating that S. typhimurium has no deoxycytidine kinase. From the kinetics of UTP accumulation during cytidine starvation, it is concluded that only cytidine nucleotides participate in the feedback regulation of de novo synthesis of UTP; both uridine and cytidine nucleotides participate in the regulation of UTP synthesis from exogenously supplied uracil or uridine. Uracil starvation of DP-55 in presence of cytidine results in extensive accumulation of CTP, suggesting that CTP does not regulate its own synthesis from exogenous cytidine. Analysis of the thymidine triphosphate (dTTP) pool of DP-55 labeled for several generations with 32p-orthophosphate and 3H-uracil in presence of 12C-cytidine shows that only 20% of the dTTP pool is derived from uracil (via the methylation of deoxyuridine monophosphate); 80% is apparently synthesized from a cytidine nucleotide.
The nucleoside triphosphate pools of two cytidine auxotrophic mutants of Salmonella typhimurium LT-2 were studied under different conditions of pyrimidine starvation. Both mutants, DP45 and DP-55, are defective in cytidine deaminase and cytidine triphosphate (CTP) synthase. In addition, DP-55 has a requirement for uracil (uridine) . Cytidine starvation of the mutants results in accumulation of high concentrations of uridine triphosphate (UTP) in the cells, while the pools of CTP and deoxy-CTP drop to undetectable levels within a few minutes. Addition of deoxycytidine to such cells does not restore the dCTP pool, indicating that S. typhimurium has no deoxycytidine kinase. From the kinetics of UTP accumulation during cytidine starvation, it is concluded that only cytidine nucleotides participate in the feedback regulation of de novo synthesis of UTP; both uridine and cytidine nucleotides participate in the regulation of UTP synthesis from exogenously supplied uracil or uridine. Uracil starvation of DP-55 in presence of cytidine results in extensive accumulation of CTP, suggesting that CTP does not regulate its own synthesis from exogenous cytidine. Analysis of the thymidine triphosphate (dTTP) pool of DP-55 labeled for several generations with 32p-orthophosphate and 3H-uracil in presence of 12C-cytidine shows that only 20% of the dTTP pool is derived from uracil (via the methylation of deoxyuridine monophosphate); 80% is apparently synthesized from a cytidine nucleotide.
The de novo biosynthesis of pyrimidine nucleotides seems to follow a common scheme in most organisms (for review, see 20) . The gene loci for the first six enzymes responsible for the de novo synthesis of uridine monophosphate (UMP) have been mapped in Escherichia coli (2, 22) and in Salmonella typhimurium (25) , and it has been shown that five of these enzymes are derepressed when the cells are starved for pyrimidines (2, 27) . Two enzymes of the pathway in E. coli are subject to allosteric regulation. (i) Aspartate transcarbamylase, the first enzyme specific for the entire pathway, is feedbackinhibited by cytidine triphosphate (CTP; 6, 26) . ( ii) The activity of CTP synthase, the first enzyme specific for the de novo synthesis of cytidine nucleotides, is influenced by several low-molecular-weight compounds, of which guanosine triphosphate (GTP) and uridine triphosphate (UTP) act as activators and CTP as an inhibitor (4, 12) .
Our knowledge of the pathways involved in the metabolism of exogenous uracil and uridine is somewhat more limited. Although it has been shown that E. coli contains a UMP pyrophosphorylase (3, 5) and a uridine kinase (1), as well as a uridine phosphorylase (18) , very little is known about the function (3) and regulation (1) of these enzymes in vivo.
Enteric bacteria contain a very active cytidine deaminase (24) . By using an E. coli mutant deficient in this enzyme, Karlstrom and Larsson were able to show that this strain possessed a separate deaminase for cytosine and was capable of converting exogenous cytidine to CTP (9) .
In the present work, we used mutants of S. typhimurium with specific requirements for cytidine (17) to study the regulation and pathway of pyrimidine nucleotide synthesis. Since these mutants have lost both cytidine deaminase and CTP synthase, their pathways for UTP and CTP synthesis are completely separated. By measuring the pool sizes of the pyrimidine nucleoside triphosphates in these mutants, it has been possible to study these pathways and their regulation in vivo. NEUHARD MATERIALS AND METHODS Bacterial strains and growth conditions. The isolation of the mutants used in the present work has been described previously (17) . Two of them, DL-38 and DP-45, are derived from prototrophic S. typhimurium LT-2; DP-39 and DP-55 are derived from S. typhimurium LT-2 PyrA 81, having a deletion in the structural gene for carbamyl phosphate synthase (25) . The phenotypes of the mutants are presented in Table 1 .
Bacteria were grown in minimal medium (13) RESULTS Characterization of mutants. To select for cytidine-requiring mutants, it is first necessary to select for mutants in which some of the enzymes responsible for the catabolism of cytidine are blocked by mutation (17) . Three possible candidates were considered: cytidine deaminase [apparently identical with deoxycytidine deaminase (10, 24)], cytosine deaminase, and uridine phosphorylase. Of these, cytidine deaminase is the most active. Although uridine phosphorylase in E. coli seems to be specific for uridine (9, 18) , we considered it possible that the enzyme in S. typhimurium could have some activity towards cytidine as well. Accordingly, mutants defective in some of these enzymes were isolated and used as parents for the selection of the cytidinerequiring mutants. Table 2 gives the specific activities of these enzymes in two cytidine-requiring strains, DP-45 and DP-55, their parents, DL-38 and DP-39, and in the two original strains, LT-2 and PyrA 81.
By comparing Table 2 with Table 1 , it can be seen that the phenotypic traits, FCdRr-FUdRs (resistance to FCdR and sensitivity to FUdR), are a consequence of the loss of cytidine (deoxycytidine) deaminase; and the traits FCr-FUs (resistance to FC and sensitivity to FU) are a consequence of the loss of cytosine deaminase.
DL-38 and DP-45 still have low levels of cyto- sine deaminase activity left, but apparently this activity is so low that the cells are FC-resistant. The inability to use uridine as a carbon source is due to a lack of uridine phosphorylase. Table 2 also shows that cytidine, which cannot be deaminated to any significant extent in DP-45, induces uridine phosphorylase in this strain.
Since the cytidine requirement of DP-45 and DP-55 cannot be satisfied by cytosine (17) , it can be concluded that neither a cytidine monophosphate (CMP) pyrophosphorylase nor a cytidine phosphorylase acting in reverse is operative in S. typhimurium. The only pathway for synthesizing cytidine nucleotides in these mutants seems therefore to be by phosphorylation of cytidine to CMP. Figure 1 gives a schematic representation of the pathways involved in the metabolism of cytosine and uracil compounds, together with an indication of the enzymes blocked in the various mutants used in this study.
Cytidine starvation of DP-45. Removal of cytidine from an exponentially growing culture of DP-45 results in immediate cessation of growth. At the same time, ultraviolet-absorbing materials start to accumulate in the medium. As shown in Fig. 2 , the excretion continues linearly for several hours. The compound(s) excreted has previously been shown to support growth of a uracil auxotrophic mutant of S. typhimurium (17) . Its absorption spectrum in acid and alkali corresponds to that of uridine; however, spectral data cannot exclude the possibility that it is a uridine nucleotide. Further characterization of the compound(s) has not been achieved. Figure 3 shows the changes in the ribonucleoside and deoxyribonucleoside triphosphate pools when cytidine is removed from the medium of a growing culture of DP-45. CTP and deoxy-CTP (dCTP) immediately drop to undetectable levels, whereas the pool of UTP increases markedly (15-to 20-fold by 60 min). In contrast, adenosine triphosphate (ATP), GTP, and the three remaining deoxyribonucleoside triphosphates only increase two-to threefold. These results strongly support our previous findings (17) that the cytidine requirement of DP-45 is caused by a mutational loss of CTP synthase. The changes induced by removal of cytidine from the medium are reversible; readdition of cytidine to the medium rapidly restores the triphosphate pools to normal levels (Fig. 3) .
The findings that cytidine starvation of DP-45 causes a continued excretion of uridine (Fig. 2) , together with an expansion of the UTP pool, strongly suggest that pyrimidine biosynthesis in S. typhimurium as in E. coli (7) growing culture of DP-45 was filtered, washed, and resuspended in glucose minimal medium to a density of 4 X 108 cells/ml. At times indicated, I ml was filtered on membrane filters, and the optical density of the filtrate at 260 nm was determined.
Since the cytidine nucleotide pathway in DP45 is completely separated from the uridine nucleotide pathway (Fig. 1) (19) .
The pool of dCTP in DP-45 drops rapidly if cytidine is removed from the medium (Fig. 3B) , as would be expected from the fact that deoxyribonucleotides are synthesized from the corresponding ribonucleotides via the reaction catalyzed by ribonucleoside diphosphate reductase (9) . Thus, one can test the cells' ability to synthesize dCTP from deoxycytidine by starving DP45 for cytidine in presence of deoxycytidine. The results (Table 3) show that under such conditions the dCTP pool is depleted, suggesting that S. typhimurium is not able to phosphorylate deoxycytidine to the corresponding triphosphate.
Uracil starvation of DP-SS. With strain DP-55, which has a double pyrimidine requirement (see Table 1 and Fig. 1 ), one can study both the effect of uridine nucleotide depletion on the CTP pool and the effect of cytidine nucleotide depletion on the UTP pool. Figures 4A and 4B a Exponentially growing cells were filtered, washed free of cytidine, and resuspended in four flasks containing glucose minimal medium plus the additions indicated. At 60 min, the cells of the four cultures were analyzed for their dCTP content. same period of time. It should be noted (Fig. 4B ) that the pool of deoxythymidine triphosphate (dTTP), which might have been expected to decrease in parallel with UTP (compare the CTP and dCTP pools of Fig. 3 ), increases somewhat.
Cytidine starvation of DP-55. Since DP-55 requires two pyrimidines and is deficient in the enzyme which catabolizes uridine, uridine phosphorylase (see Fig. 1 and Table 2) , exogenous uridine and uracil should be converted to UTP by different pathways. If these pathways are regulated differently from each other and from the de novo synthesis of UTP, one would expect to find differences in the pattern of UTP accumula- tion in DP-55 when cytidine starvation is performed in presence of uracil or uridine. Accordingly, three experiments were performed, the results of which are shown in Fig. 5 . The figure shows only the changes in the ribonucleoside triphosphate pools, since the pattern for the deoxyribonucleoside triphosphates is essentially the same as that shown in Fig. 3B. From Fig. 5 , it is evident that higher levels of UTP accumulate with uridine as precursor than with uracil, regardless of which one was present in the medium prior to starvation. It should be noted, however, that the zero-time value for UTP in the culture grown on uracil (Fig. 5A ) is different derived from a uridine nucleotide. The remaining min after cytidine (uracil) removal 75% of the residues are synthesized directly FIG. 6 . Relative changes in the UTP pool of S.
from the exogenous cytidine without cleavage typhimurium DP45 and DP-55 induced by cytidine of the glycosidic bond.
starvation. Symbols: 0, DP45; E, DP-55 with uracil
The CTP synthase-deficient strain DP-55, as second pyrimidine source before and after starvain which the uridine and cytidine pathways are tion; X, DP-55 with uridine as second pyrimidine completely separated, should be ideally suited source before and after starvation. Broken line indifor investigating the pathway of dITP synthesis cates the increase in the CTP pool induced by uracil in S. typhimurium. Table 4 gives the results of an starvation in DP-55, taken from Fig. 3 . -Cells were grown for sevet al generations in presence of 3H-uracil, 32P-orthophosphate, and 12C-cytidine. The 3H/32P ratios in the nucleoside triphosphates were determined in extracts of an exponentially growing culture and extracts of the same culture after 70 min of cytidine starvation. Thinlayer chromatograms of the extracts were run in duplicate.
b Average of the two chromatograms. Calculated as the 3H/32P ratio for each compound in per cent of the ratio for UTP.
experiment in which a culture of DP-55 was labeled with 3H-uracil and 32P-orthophosphate in presence of '2C-cytidine. After several generations of exponential growth in presence of the labeled compounds, the acid-soluble nucleoside triphosphate pools were analyzed for their content of 32p and 3H. Table 4 also gives data for a sample of the same culture taken 70 min after cytidine was removed from the growth medium. The following conclusions can be drawn from Table 4 . (i) Since the 3H/32P ratio of CTP is less than 1 % of that found in UTP, the mutant seems to be completely blocked in the CTP synthase reaction. (ii) Comparison of the 3H/32P ratio of UTP in the exponential culture (containing 12C-cytidine in the medium) with that of the cytidine-starved culture, in which the UTP pool has increased four-to fivefold, shows that during exponential growth there is practically no conversion of cytidine to uridine nucleotides. (iii) About 80% of the dTTP pool is synthesized from cytidine and only 20% from uracil, in complete accordance with the results of Karlstrom and Larsson (9) . (iv) During cytidine starvation there is an appreciable turnover of the dTTP-pool, and the dTTP synthesized under these conditions is derived entirely from uracil. DISCUSSION The results of the present work give some new information about the pathways involved in the pyrimidine metabolism of S. typhimurium (see Fig. 1 ). (i) Cytosine is able to satisfy the uracil but not the cytidine requirement of DP-55, indicating that S. typhimurium does not contain a CMP pyrophosphorylase. (ii) Like E. coli (9), Salmonella has two deaminases which act on cytosine compounds (Table 2 )-one specific for cytosine and another for cytidine and deoxycytidine. (iii) As can be seen from Table 2 , uridine phosphorylase is induced in strain DP-45 by cytidine. (Cytidine cannot be deaminated and serve as a source of uridine in this strain.) (iv) Neither deoxycytidine nor deoxy-CMP (dCMP) is converted to dCTP in vivo by DP-45 (Table 3) . Probably dCMP is not taken up by the cells. Deoxycytidine does enter the cells, since deoxycytidine will serve as a pyrimidine source for auxotrophic mutants requiring uracil. Therefore S. typhimurium is devoid of either a deoxycytidine kinase or a dCMP kinase. In view of the similarities between E. coli and Salmonella and the existence in E. coli of a dCMP-kinase (11), we believe that the results of Table 3 reflect that S. typhimurium does not contain a deoxycytidine kinase. This might explain why 5-fluorodeoxycytidine is innocuous to cells lacking deoxycytidine deaminase. Such a deficiency, in at least one deoxyribonucleoside kinase, implies that it is impossible to circumvent the ribonucleoside diphosphate reductase in vivo by exogenous addition of deoxyribonucleosides (16, 21) .
(v) The labeling data presented in Table 4 show clearly that the main pathway for dTTP synthesis, in strain DP-55 as in E. coli (9) Since nothing is known about the existence of such an enzyme system in Salmonella nor about the quantitative contribution of this "cytidine pathway" in wild-type cells, we can only say at present that, in S. typhimurium, at least two different pathways for the endogenous synthesis of dTTP do exist.
Finally, although 80% of the dTTP in DP-55 is synthesized via the "cytidine pathway" during exponential growth, the results (Table 4) show that during cytidine starvation the "uridine pathway" is capable of taking over the entire synthesis of dTTP, thereby providing the cells with an unaltered pool of this important metabolite.
Control of pyrimidine metabolism. One of the first and most thoroughly studied cases of feedback regulation is that of the de novo synthesis of the pyrimidine nucleotides in E. coli (7, 8, 26) . The end product of the pathway, i.e., CTP, was shown in vitro to be a potent inhibitor of aspartate transcarbamylase, the first enzyme specific for the biosynthesis of UMP. Data were also obtained (7) that strongly suggested this control mechanism to be operating in vivo.
The results obtained in the present work indicate that a similar mechanism seems to be involved in the control of pyrimidine biosynthesis in Salmonella in vivo.
When UTP synthesis from exogenous uracil or uridine is studied during cytidine starvation of DP-55, a somewhat different picture is obtained (Fig. 5) . In this case, the UTP pool only increases initially, reaching a plateau after about 20 min, in sharp contrast to what was observed with DP-45 (Fig. 3A) . This suggests to us that, when UTP is synthesized from exogenous precursors (uracil or uridine) in a strain lacking CTP synthase, it is able to limit its own synthesis, presumably by feedback inhibition. Since DP-55 is deficient in uridine phosphorylase activity (Table 2) , it follows that exogenous uracil and uridine is taken up by different pathways, i.e., via UMP pyrophosphorylase and uridine kinase, respectively. The quantitative differences between UTP accumulation from exogenous uracil and uridine (Fig. 5 ) and the striking similarities between the same data, when plotted as relative increases (Fig. 6) , have led us to propose the following hypothesis for the regulation of uridine nucleotide biosynthesis from exogenous uracil and uridine. UMP pyrophosphorylase and uridine kinase are feedback-inhibited by UTP (or another uridine nucleotide). However, the UTP concentration necessary to limit the two pathways to the same extent differs significantly; it is approximately 50% higher for uridine kinase than for UMP pyrophosphorylase. A direct consequence of this hypothesis is that addition of uridine to cells of DP-55 growing exponentially on uracil (and cytidine) should result in an abrupt increase of about 50% in the UTP pool of the cells. As shown in Fig. 7 , this prediction is indeed fulfilled.
Whether CTP also acts as a feedback inhibitor of these two enzymes is less clear from our data. However, since the removal of cytidine from the medium results in a much stronger accumulation of UTP than of any other nucleoside triphosphate (Fig. 5) , it might be that CTP, the ultimate end product of the pathway, is also involved in the regulation of the uptake of exogenous uracil and uridine.
In analogy with the hypothesis presented above and the work of Anderson and Brockman (1), one might expect cytidine kinase to be feedback-controlled by CTP. However, the continued accumulation of CTP during uracil starvation in DP-55 (Fig. 4A) 
